ISOL Task Force
Report to NSAC

November 22, 1999

The Isotope Separation On-Line (ISOL) Task Force is requested to provide a
technical analysis of the various options for subsystems of ... a new facility for a
research program along the lines indicated by the benchmark experiments outlined
in the 1997 physics report “Scientific Opportunities with an Advanced ISOL
Facility.” It should assess the advantages and disadvantages of these options,
identify preferred technologies, and prioritize needs for R&D. Consideration should
be given to the maximum effective use of U.S. accelerator facilities, of major

detector facilities, and of technical expertise.

—From the charge to the ISOL Task Force.
(See Appendix 1.)
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Single-Page, Nontechnical
Executive Summary

The ISOL Task Force has unanimously concluded that developments in both nuclear science and
its supporting technologies make building a world-leading Rare-Isotope Accelerator (RIA) facility
a scientific imperative for the United States. RIA would substantially advance our understanding
of the atom’s nucleus, and therefore of matter itself.

Much remains to be learned about the nucleus, the atom’s dynamic core of nucleons—protons and
neutrons. Fewer than 300 stable kinds of nuclei account for 99.9% of Earth’s matter, but
thousands of unstable kinds can and do exist. They usually decay nearly instantly—part of the
challenge for RIA. In stars, such nuclei help generate the stable nuclei that we know. In RIA, such
nuclei will be artificially produced to help generate essential new knowledge.

These short-lived nuclei are the rare isotopes referred to in RIA’s name. Most have never been
accessible for experiments. RIA will reveal previously unobserved aspects of nuclear behavior,
and will probe the limits of nuclear existence. It will advance our understanding of stellar evolution
and the origins of the elements. It will support tests of fundamental theories.

With strong support from universities and national laboratories, the Task Force studied rare-
isotope production methods and unanimously chose the solution that best combines available
technologies. RIA will exploit accelerator-related advances to build on pioneering work in
techniques called isotope separation on-line (ISOL) and in-flight fragmentation. It will enable the
richest variety and highest possible quality of experimedigncing the state of the art by several
orders ofmagnitudethrough acombination of greatly increased intensities and an enormously
widened variety of high-quality rare-isotope beams.

The Task Force recommends a highly flexible superconducting linear accelerator to “drive” RIA
with beams of all the stable isotopes from hydrogen, with its single-proton nucleus, to uranium,
containing 238 nucleons. In power, these drive beams should reach 100 kilowatts, in energy, 400
million electron volts per nucleon. This performance has no precedent in existing or planned
facilities worldwide. The drive beams will be used to produce a broad assortment of short-lived
rare-isotope beams via a combination of techniques: projectile fragmentation, target fragmentation,
fission, and spallation. Maximizing access to the rare-isotope beams for the large community of
nuclear physics users will require simultaneous operation of multiple experiment stations.

To enhance performance and reduce costs, the Task Force recommends conducting modest
preconstruction research and development (R&D) on RIA’s key elements. Efforts from several
laboratories will be needed to complete the R&D, to develop a comprehensive conceptual design
report (CDR), and ultimately to construct the facility itself. To extend RIA’s scientific reach still
further, the design should provide for the addition of a capability for fast in-flight separated beams
of rare isotopes.

The Task Force recommends commissioning a CDR in the immediate future to prepare for the
earliest possible construction start. Strong coordinating leadership is required. It will be vital for
DOE to ensure continuity of the CDR team in the construction of RIA.

For a Fiscal Year 2002 construction start and operation in Fiscal Year 2007, the Rare-Isotope
Accelerator facility’s projected cost is about $500 million.
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Overview and Recommendations

Of the wide variety of nuclei that nature has used to build the universe, only a small fraction are
stable. The systematic study of this broad range of nuclear species has been a core aspect of nuclear
physics for many decades, with the goal of deepened understanding of nuclear matter in both our
terrestrial environment and the more extreme conditions in stars and other astrophysical settings.
Today the cutting edge of this research is the study of very short-lived nuclei which may have
features quite different from those of more stable isotopes. Figure 1 shows the immense breadth of

such study.

Nuclear Landscape
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Figure 1. Map of bound nuclear systems as a function of the proton number Z (vertical axis) and the neutron
number N (horizontal axis). This nuclear landscape forms the territory of rare-isotope beam physics. The
black squares show the nuclei that are stable—that is, long-lived—with half-lives comparable to or longer
than the age of Earth. Fewer than 300 such species exist. These nuclei form the “valley of stability.” The
yellow color indicates man-made nuclei that have been produced in laboratories and that live a shorter time.
By adding either protons or neutrons, one moves away from the valley of stability, finally reaching the drip
lines where the nuclear binding ends because the forces between neutrons and protons are no longer strong
enough to hold these nuclei together. The nuclei beyond the drip lines emit nucleons very quickly to form
nuclei with combinations of protons and neutrons for which the strong interaction is able to cluster these
nucleons together as one nucleus. Many thousands of nuclei with very small or very large N/Z ratios are yet
to be explored. In the (Z,N) landscape, they form the terra incognita indicated in green. Note that the neutron
drip line is far from the valley of stability, and thus hard to approach. The red lines show the magic numbers
known around the valley of stability. However, since the structure of nuclei is expected to change
significantly as drip lines are approached, we really do not know how nuclear shell structure evolves at the
extreme N/Z ratios.

Page 7 of 55



The U.S. nuclear physics community has recognized the rich developing opportunities in this
science, and in the technologies needed to pursue them. Technologies for the production and
utilization of high-power beams of ions have positioned the field for a significant leap in
capability directed at exploring nuclei very far from stability. In the 1996 Long Range Plan for
Nuclear Physics, this thrust was identified as the field’s highest priority for the next major
facility. Accordingly, this Task Force was charged (Appendix 1) to analyze the requirements and
the technical feasibility issues for implementing a facility that would serve this need at the cutting
edge of science by exploiting on-line isotope separation techniques.

Appendix 2 lists Task Force activities and participants. The Task Force convened on October 30,
1998. Through a series of eleven meetings and site visits, it reviewed the technical options for a
facility for producing and using rare isotopes via Isotope Separation On-Line (ISOL) and related
techniques. With strong support from the community of U.S. national laboratories, which
contributed numerous consultants, the Task Force characterized the strengths of several rare-
isotope production methods and was drawn to a solution that combines the advantages of each.
The Task Force examined all of the technical subsystems and found them to be sufficiently ready
to proceed toward construction. A subgroup formed to examine options for the driver
accelerator—a major portion of the facility costs—recommended a preferred technical option and
produced a first cost estimate. To assess options for maximizing yields of the desired rare species,
a study was commissioned which identified significant opportunities for progress in the
effectiveness of ISOL targets.

Opportunity: Rare-Isotope Accelerator (RIA) Facility

We have unanimously concluded that the coming decade presents an important opportunity to
construct a world-leading facility for the study of short-lived isotopes, which we call the Rare-
Isotope Accelerator (RIA) facility. Such a facility will enable a program of experiments with the
potential to revolutionize our understanding of the production of nuclei in stellar environments, to
advance our knowledge of the structure of nuclei far from stability, and to make stringent tests of
the standard model of elementary particles and their interactions.

This RIA facility’s projected cost is about $500 million. RIA will be driven by a highly flexible
superconducting linear accelerator (linac), which will provide a high-power, 400 MeV/nucleon
beam of any stable isotope from hydrogen to uranium onto production targets. The energy of the
linac is determined based on the desire to optimize the facility cost versus rare-isotope yield. The
broad assortment of short-lived secondary beams needed for the experimental program will be
variously produced by the most effective combination of a number of techniques: projectile
fragmentation, target fragmentation, fission, and spallation. After separation, the selected rare
isotopes will, in many instances, be accelerated and directed to fixed-target experiments.
Experiments with stopped and trapped isotopes will also make up a major component of the
scientific program. An attractive opportunity open for addition to this facility will be to use the
projectile fragment beams directly while in flight.
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The RIA facility will include several experimental areas and a suite of instrumentation that will
allow the community of facility users to perform the forefront experiments needed to shed light
on the most important scientific issues. The user community, which now numbers over 600 in the
U.S. and perhaps 1000 overseas, is extremely supportive of the goals of this facility and has
actively participated in setting the end-use requirements.

RIA Facility Recommendations

The RIA facility can be built based on modest extrapolations of existing technologies. No technical
showstoppers exist, and only a relatively modest amount of R&D must be completed before a
comprehensive conceptual design can be prepared. With construction beginning in FY 2002, the
facility could be ready to begin operations in FY 2007. In support of this goal, the Task Force
recommends:

* The design and construction of a Rare-Isotope Accelerator (RIA) facility that provides
unprecedented beams of a diverse assortment of nuclei. The scientific potential of the RIA
facility will be maximized by integrating multiple techniques for producing and separating,
then accelerating and utilizing, these rare isotopes. RIA will be based on a highly flexible
superconducting linac driver capable of providing 100 kW, 400 MeV/nucleon beams of any
stable isotope from hydrogen to uranium. The broad assortment of short-lived secondary
beams needed for the experimental program will be produced by a combination of techniques:
projectile fragmentation, target fragmentation, fission, and spallation.

* That an additional important opportunity be provided: fast in-flight separated beams of rare
isotopes. This will extend the scientific reach of the RIA facility. We recommend that the RIA
design accommodate this capability.

» Complete preconstruction R&D on key elements of the sources, targets, driver linac, and
experimental equipment. Specific systems where R&D will provide opportunities for cost
reduction and enhanced performance are identified later in the report. Significant efforts from
several national laboratories will be needed to complete the preconstruction R&D, to develop
a comprehensive conceptual design report (CDR), and to construct RIA.

* Timely commissioning of a CDR to prepare the project for the earliest construction start.
Strong coordinating leadership is required. It will be vital for DOE to ensure continuity of the
CDR team in the construction of RIA.

In addition to these recommendations, the Task Force notes that in the next phase the diverse user
community must increasingly participate in the evolution and execution of RIA planning to ensure
a successful RIA facility that best serves forefront research.
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Scientific Motivation

Studies of nuclei far from stability promise to improve radically our understanding of atomic
nuclei—the cores of all atoms, and the building blocks of the universe. Many of these nuclei have
never before been accessible in the laboratory. Such studies will advance our theoretical models of
nuclei, search for new manifestations of nuclear behavior, and probe the limits of nuclear existence.
They will also have profound impact on nuclear astrophysics, which utilizes descriptions of the
processes of nucleosynthesis to test our understanding of the evolution of stars and the origins of
the elements in our universe. They will allow tests of fundamental theories of particle physics,
and may provide applications of technology to other disciplines and to practical realms such as
electronics and medicine.

Nuclear Astrophysics

Studies of nuclei involved in the r-process. Half the nuclei heavier than iron are synthesized in the
rapid-neutron-capture process, or r-process. It occurs in a few seconds, possibly just outside the
core of a massive star after it has collapsed to nuclear density (which is one hundred trillion times
that of ordinary matter), at a temperature greater than one billion Kelvin, as the star explodes as a
supernova. However, the site of the r-process is not known with certainty. It may also occur
when two neutron stars collide. The nuclei through which the r-process passes are so neutron-rich
that most have never been studied; the constraints on nuclear astrophysics experiments are
considerably more stringent than those to which nature is subjected! RIA will make it possible to
measure many new masses and half-lives, allowing a new level of precision in our understanding of
r-process nucleosynthesis. The observed r-process abundances, coupled with these new nuclear
physics constraints on its theoretical description, will provide a vastly improved understanding of
some of the most cataclysmic events in the universe.

Explosive nucleosynthesis via the rp-process. The rapid-proton-capture process, or rp-process,
occurs in several stellar environments, but dominates when matter is accreted from a companion
star onto a compact star—a white dwarf or neutron star. In such situations, the accreted matter is
heated as it falls to the surface of the compact star, where it undergoes thermonuclear runaway.
The energy suddenly released produces novae or x-ray bursts, which are observed by astronomers
with space-borne observatories. Studies of the nuclear reactions relevant to the rp-process require
intense beams of very proton-rich nuclei; RIA will produce beams of many of the crucial nuclei at
the required intensities. Study of the reactions involving the proton-rich nuclei through which the
rp-process passes will allow unprecedented understanding of these explosive cosmic events, and
of the nucleosynthesis that they produce.
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Fundamental Physics

Challenging the Standard Model of particle physics. The B-decays of special nuclei can provide
precise information on one of the elements in the “CKM matrix,” by which the basic constituents
of matter are related in the Standard Model of particle physics. Combination of these elements
produces a test, called a unitarity test, of the basic assumptions of the model. At present this test
appears to fail, although the evidence is not yet sufficiently definitive to justify revision of the
model. If this evidence is reinforced by results of new RIA experiments which help to refine the
previous results, new physics will have to be added beyond that of the Standard Model.

Search for fundamental symmetry violations in atoms. Parity, or mirror symmetry, violations in
atoms can be sought in a special class of elements, the heavy alkalis, particularly cesium and

francium. Observation of parity violation allows determination of the incredibly small electroweak
coupling that results from the exchange of Z’ bosons between the electrons and the nucleus. The
effect has been demonstrated in cesium isotopes, but should be eighteen times larger in francium.
However, there are no stable francium isotopes, so no beams are possible from an ordinary
accelerator facility. RIA will produce beams of about a dozen francium isotopes with sufficient
intensity to perform these measurements.

Nuclear Structure

Nuclei near the extremes of nuclear existence. Experiments using RIA on very neutron-rich nuclei,
especially along iso-chains such as the isotopes of nickel, will provide critical data from which to
forge a new understanding of the nucleus. Studies of nuclei near both the proton-rich and neutron-
rich limits of stability will yield new information on the structure and quantum states that
characterize them. Studies to date, including recent work on “halo’” and other neutron-rich
nuclides, have suggested that the standard form of the Shell Model—the microscopic model of the
nucleus that has reigned for half a century—may not be generally applicable to nuclei far from
stability, and is but a part of a more general class of models. The cornerstones of the Shell Model,
the concepts of closed shells and magicity, are now recognized as quite fragile. Beams of exotic
nuclei may also be used to probe a third frontier—the heaviest elements that may exist—where
recent dramatic advances offer promise for future work. RIA presents opportunities for dramatic
extensions of the nuclei accessible for study, and hence for improvements in the understanding of
nuclear structure.

Amplifying subtle aspects of the nuclear force. Exotic nuclei can often produce large
amplifications of certain components of the nuclear force, by which atomic nuclei exist. Protons
and neutrons can interact in the nucleus in two ways, which go by the names 7=0 and 7=1
interactions. Although the 7=0 interaction is inherently stronger, its effects in normal nuclei are
usually masked by the accumulated effects of many 7=1 interactions. Yet the 7=0 interaction is
extremely important. It accounts for the existence of the simplest nucleus, the deuteron, and plays
a key role, albeit a hidden one, in all nuclei. The formation of deuterons in Big Bang
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nucleosynthesis was a precondition for the subsequent synthesis of heavier nuclides; human
existence therefore depends on the 7=0 interaction. In nuclei with equal numbers of protons (2)
and neutrons (), where the protons and neutrons are filling similar orbits, the importance of the
T=0 interaction is greatly amplified. Studies of such nuclei with RIA, ranging from mass
measurements to studies of regularities in the energies of low-lying states, and transfer reactions,
can elucidate this force in heavier nuclei than are currently accessible. Moreover, in some N=Z2
nuclei with odd numbers of each type of nucleon, a new form of theoretically predicted correlation
of nucleon motions, called 7=0 pairing, may be observed.
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Unprecedented Rare-Isotope Yields Required

For exploration on the broad frontiers of nuclear study that are summarized above, RIA must
provide a diverse selection of isotopes both near and far from the stable isotopes found in nature.
Figure 2 and Table 1 are keyed to each other to show examples of specific types of investigations
and the corresponding beam requirements. In sum, these examples outline the overall RIA
performance characteristics needed to explore the new science opportunities. Generally, the
facility should provide access to as many as possible of the nuclei that participate in
astrophysical processes, such as the r-process. It should allow nuclei at or near the limits of
stability to be studied over the whole range of proton-rich nuclei and perhaps up to mass 60—100
for neutron-rich nuclei. It should provide high-intensity beams near stability for the measurement
of astrophysical reaction rates, nuclear reaction studies, and the synthesis of more exotic nuclei. It
should provide sufficiently intense neutron-rich beams to address the production of superheavy
elements. Finally, RIA should provide beams with sufficient intensity to allow nuclear structure
to be studied over widely varying proton-to-neutron ratios, if possible, ranging from the proton to
the neutron drip lines, in both isobaric and isotopic sequences.
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Figure 2. Example RIA research opportunities. The circled numbers correspond to the physics topics
enumerated in Table 1, which in turn link the example opportunities to actual beam requirements.
(Figures 1 and 2, and Table 1, are taken from the 1997 White Paper, “Scientific Opportunities
with an Advanced ISOL Facility,” referenced in the charge to the Task Force.)
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Table 1

Beam Requirements for Example RIA Research Opportunities

Physics Topics* Reactions and Techniques Beams Desired Intensities Energy Range
[particles/sec] [MeV/nucleon]
1. Rapid proton capture Transfer, elastic, inelastic, radiative 40, 0, **Si, *Ar, Ni 108-10" 0.15-15
(rp-processes) capture, Coulomb dissociation 10°-10"
2. Reactions with and studies of N=Z | Transfer, fusion, decay studies Ni, ©Ga, “Ge, ®*Ge, *'As, 10*-10° 0.1-15
nuclei, symmetry studies Kr
3. Decay studies of 'Sn Decay 10Sn 1-10 Low energy
4. Proton drip-line studies Decay, fusion, transfer SNi, +%Ge, ?Kr 10%-10° 5
5. Slow neutron capture (s-process) Capture B34135Cs, S Eu 10%-10" 0.1
6. Symmetry studies with francium Decay, traps AFr 10" Low energy
7. Heavy-element studies Fusion, decay 30-52Ca, "™Ni, ¥Ge, *°Kr 10*-10’ 5-8
10°-108
8. Fission limits Fusion-fission 140-144x g 1427146 142] 10™-10" 5
145—148Xe’ 147—150CS 104_107
9. Rapid neutron capture (r-process) | Capture, decay, mass measurement 10Cd, *?Sn, "1 10*-10° 0.1-5
10. Nuclei with large neutron excess Fusion, transfer, deep inelastic 140-14dy g 142-146Cg 1427 107-10" 5-15
]45—]48Xe, ]47—I50CS 102_107
11. Single-particle states/effective Direct reactions, nucleon transfer '328n, 1**Sb 10%-10° 5-15
nucleon-nucleon interactions
12. Shell structure, weakening of gaps, | Mass measurement, Coulomb AKr, “Sn, “Xe 10>-10° 0.1-10
spin-orbit potential excitation, fusion, nucleon transfer,
deep inelastic
13. (Near) neutron-drip-line studies, Mass measurement, nucleon 8He, !'Li, *Ne, *'Na, "*Cu 10%-108 5-10
halo nuclei transfer 10°-10°

*The numbers 1 to 13 correspond with the circled numbers in Figure 2 on the preceding page. Only a few typical ion species are shown for each entry to
exemplify the intensity and energy ranges needed for conducting experiments in those areas.
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Technical Solution

Comprehensive study of nuclei far from stability will require a Rare-Isotope Accelerator (RIA)
facility that is best driven by an SRF linac (a superconducting radio-frequency linear accelerator).
Because the driver accelerator is by far the major cost component in any approach, the Task
Force commissioned a focused RIA Driver Working Group—chaired by Christoph W. Leemann
of the Thomas Jefferson National Accelerator Facility—to examine design options. Appendix 3
summarizes the process whereby the working group concluded that the RIA requirements are
most effectively met by an SRF linac, which has an order-of-magnitude advantage over a
cyclotron, regardless of how the driver ion source (Figure 3) is developed.

Figure 3 is a simplified schematic of the RIA layout. The driver linac, based on SRF accelerating
structures, will accelerate arbitrary ions—up to and including uranium—to energies as high as 400
MeV/nucleon, and in some cases beyond. Each desired isotopic species will be produced via the
most effective combination of target fragmentation, projectile fragmentation, fission, and
spallation. The selected species will be separated and variously accelerated or used directly for
experiments. Figure 4 presents yields for the RIA facility. Table 2 itemizes the project cost,
approximately $500 million.

I i Fragmentation
Driver Linac (to 400 MeV/nucleon) Production Target
/
\Q kFragment
|
. N Target/ Separator
]I)nvse r Ion Source
on Source
(H through U) Modules
Gas Catcher/
Ion Guide

Post Accelerator RF: a’s

1 2 3 4

Experimental Areas:
I: <12 MeV/u 2:<1.5MeV/u 3:Nonaccelerated 4: In-flight fragments

Figure 3. Simplified schematic layout of the Rare-Isotope Accelerator (RIA) facility. (Note that while
highly recommended, the in-flight fragmentation experimental area (4) is beyond the scope of
this Task Force.)
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Figure 4. Yields for a Rare-Isotope Accelerator (RIA) facility.

Table 2
Rare-Isotope Accelerator (RIA) Facility Cost Summary
(In $M; includes facilities and R&D during construction)

Front end (source + linac up to 1.5 MeV/nucleon) 20
Driver linac 210
Targets & separator(s) 40
RIB accelerator* 20
Experimental equipment 70
Support facilities 20
Contingency 120
Total $500M

* Assumes utilization of ATLAS.
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Driver Beam Requirements

RIA beam requirements, driven by the scientific goals, can only be met by a truly new-generation
facility. RIA will be unmatched by any of the accelerators now under construction or planned.
The optimal maximum beam energy is 400 MeV/nucleon. Operation over a range of energies
200—400 MeV/nucleon is also desirable to maximize yields for some spallation processes. It is
important that the driver be capable of accelerating any stable isotope from hydrogen to uranium
to the maximum energy. This will allow RIA to utilize both the target and projectile
fragmentation approaches. Both light- and heavy-ion beams will be required.

Operation at high beam power is essential to maximize yields of rare species. The minimum
requirement is 100 kW, which corresponds to approximately 6x10'? ions/s for uranium beams. It
is highly desirable that a credible upgrade path exist for operation at up to 400 kW at minimal
extra cost.

Beam quality is not a major design issue for the driver and is well within the state of the art for
linacs. A transverse full beam emittance of 3 Temm-mr at 400 MeV/nucleon and a 1 mm beam

spot for the projectile fragment production target are adequate. The momentum spread should be
within 0.2%.

It is very important that the beam time structure be essentially 100% duty factor. This need is
driven by production target heating considerations, the necessity of reducing the instantaneous
secondary beam intensity for coincidence experiments, and limitations imposed by ionization in
the gas catcher system.

To maximize utilization by a large user community, simultaneous operation with multiple
production target stations is essential. This does not present major technical challenges.

The accelerator must be designed and constructed to provide a very high level of reliability and of
beam availability. Beam losses must be minimized to facilitate maintenance and repair.

Driver System Description

The focused RIA Driver Working Group studied various design schemes. In summary, the
working group found:

* The RIA driver requirements can be most effectively met in a linac design by employing state-
of-the-art accelerator technology, including electron cyclotron resonance (ECR) sources,
radio-frequency quadrupoles (RFQ), interdigital H-type (IH) structures, SRF accelerating
cavities, and superconducting (SC) solenoids.

* 400 kW beam power could be available for most beams immediately, and for the heaviest ions
following appropriate ion-source development.

* The rf and cryogenic systems will meet the requirements for reliability.
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* Modest accelerator system design studies have already yielded significant cost-reduction

steps.

* Because of high leverage on civil construction design and costs, there may be significant
advantage to completion of nominal cryomodule design (implying key element prototyping)
early in the planning process.

The working group developed a rough benchmark design for the needed SRF linac, together with
an associated work breakdown structure. Table 3 presents the accelerating elements of this
benchmark linac design.

Table 3
Accelerating Elements of the Benchmark RIA Driver Linac
Frequency| Temp.| Number of| Section Voltag(
Section Element| Beta=v/t (MHz) XK) Elements (MV)
Source ECR (lons up to uranium at 30+) 2
Injector RFQ 0.004-0.017 58.3 293 1 1.2
Injector IH 0.017-0.05 58.3 293 4 9
Injector 4-gap 0.05-0.09 58.3 4.5 24 21
Injector 2-gap 0.09-0.16 116.6 4.5 57 71
1st Stripper |Stripper (Lithium film or
carbon wheel)

Midsection [2-gap 0.16-0.3 175 4.5 72 111
Midsection [2-gap 0.3-0.4 350 4.5 96 150
2nd Stripper |Stripper (Carbon wheel)
Endsection |6-cell 0.4-0.54 700 2 60 261
Endsection |6-cell 0.54-0.8 700 2 96 684

Superconducting (SC) linac technology has several advantages for this application in addition to
enabling cost-effective cw operation. The independent phasing intrinsic to an SC cavity array
allows the velocity profile to be varied, and enables higher energies for the lighter ions. For
example, the present design for 400 MeV/nucleon uranium can provide 730 MeV protons. The
short, high-gradient SC cavities form a linac configured to provide very strong focusing, both
transverse and longitudinal, so that the acceptance of the SC linac is large.

Multiple-charge-state beams. SC technology provides a longitudinal acceptance about 250 times
larger, and a transverse acceptance about 100 times larger, than the beam emittance expected from
the RFQ. Such a large margin for emittance growth makes it entirely feasible to accelerate
simultaneously more than one charge state through most of the linac. In this way, the efficiency
of charge stripping is greatly enhanced, since virtually all of the stripped beam can be utilized.
Multiple-charge-state operation provides not only a substantial increase in the available beam
current, typically a factor of 4, but also enables the use of multiple strippers in ways which
reduce the size of the linac required for 400 MeV/nucleon beams. An additional benefit of
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accelerating multiple charge states is a reduction in the amount of beam dumped during charge-
state selection at the stripping points, which in turn reduces shielding requirements.

Taking uranium as an example, between the first stripper (12 MeV/nucleon) and second stripper
(85 MeV/nucleon) the beam has an average charge state go= 75. In this region one can accelerate
five charge states, which encompass 80% of the incident beam. After the second stripper, 99% of
the beam is in four charge states neighboring g, = 90, all of which can be accelerated to the end of
the linac. Simulations show such operation to be straightforward, with consequent increase of
longitudinal and transverse emittance well within the linac acceptance.

With acceleration of multiple-charge-state beams of the heavier ions, the linac described above
will be capable of producing intense beams of virtually any stable ion. Some representative
examples are listed in Table 4. The beam currents shown in the table are projected from the
current state of the art for ECR ion sources and assume sufficient rf power for 400 kW of beam.

Table 4
Projected Driver Output Beams
A/Z | I sourcel Oiniect| Ostript| Ostripz| 1 out | Beam Energy (MeV/nucleon)| Power
(puA) (ppA) [1% Strip 2™ Strip  Output| (kW)
1/1 548 1 1 1 548 51 228 731 400
3/2 218 2 2 2 218 40 173 612 400
2/1 379 1 1 1 379 33 140 528 400
18/8 54 6 8 8 45 26 125 491 400
40/18 24 11 18 18 20 22 125 494 400
86/36 10 17 35" 36 8.5 18 113 460 336
136/54 5 25 | 50" | 54" | 34 17 104 445 206
238/92| 1.5 30 | 7457 90" | 1.0 12 87 403 100

* Indicates multiple charge states.

